Daniel J. Fornari, 6 Karen S. Harpp U is enriched relative to 238 U at particle boundaries or damaged lattices and is expected to be preferentially released in the initial phases of weathering (6) . Leaching experiments (7) U activity ratio -1) × 1000)]. In the last glacial period, subglacial drainage of meltwaters from a limited area of ice-sheet interior to the margins may have been possible (8) , analogous to the Antarctic Ice Sheet today, where basal meltwater is routed to the margins via subglacial channels (9) . Nevertheless, a large fraction of the glaciated NH continents likely had very limited chemical weathering flux to the ocean because of widespread freezing conditions at the ice-sheet base (10) . It is reasonable to assume that a labile pool of excess 234 U due to a-recoil would have accumulated in the frozen sediments or isolated subglacial lakes and ponds in the wet-based zones under these ice sheets; in fact, high dissolved d
234
U of up to~4000 per mil (‰) has been observed in the Antarctic Taylor Valley (11), a region thought to be hydrologically connected to the nearby ice sheets (12) . In the nonglaciated regions, d
U released by weathering would also respond to tectonic and precipitation changes (3) . A reliable reconstruction of oceanic d 234 U thus offers a potentially important means for tracing global-scale weathering variability during climate transitions.
The long residence time of U in seawater [~400 thousand years (ky) (13, 14) ] would lead to the expectation that any equilibrium response to external inputs should be more than an order of magnitude longer than the deglacial time scale (~10 ky). However, a growing number of studies have indicated that seawater d 234 U might have been lower during the last glacial period than during the Holocene and previous interglacials (3, (15) (16) (17) and might have also changed on millennial time scales (18) . These observations imply that there have been large, relatively rapid changes in the U isotope budget of the ocean and are supported by an updated compilation of published initial d 234 U data from corals for the last 30 ka (Fig. 1A) . However, the extensive scatter in the data, which is likely due to diagenesis (19) , has limited the ability to constrain the timing and magnitude of d (18), it was probably not the main driver of the last deglacial d 234 U evolution. An increase in deep-water oxygenation may release redox-sensitive U from the seafloor sediments, possibly affecting the seawater U budget during deglaciation. The early deglaciation is thought to have had lower oxygen concentrations than those of the modern day in the upper ocean (<1.5 km) (20) . Increased bottomwater oxygenation in the Atlantic and deep Pacific only occurred after HS1 (20) (Fig. 2) , as well as a reduced surface Gulf Stream (24) and Agulhas leakage (25) , during HS1. These processes likely resulted in an upper Atlantic that was more isolated from the rest of the ocean than it is today (19) 
U to change more rapidly than in the Pacific. We applied a two-box model, consisting of an upper Atlantic-Arctic box and a "rest of the ocean" box, to study the influence of changing external sources and changing ocean circulation on seawater d 234 U (19) . Modern high-latitude riverine inputs have considerably higher d 234 U than middle-to low-latitude inputs and mainly supply the Arctic and polar North Atlantic (table S1) (19) (Fig. 3A) . This result is consistent with the difference in d 234 U between the Pacific and Atlantic records (Fig. 1) and contrasts with the general assumption that U isotopes are homogenous throughout the global ocean [i.e., differences no larger than 0.4‰ (4)]. Our result also raises the possibility that other isotope systems with relatively long residence times might exhibit differences between different ocean basins during periods of reduced ocean mixing.
Ocean circulation, however, cannot account for the overall glacial-interglacial increase of~3‰ or more in the d 234 U of both ocean basins (Fig. 3A) . U does not necessarily reflect the primary surface-weathering signal, because it includes influences such as the percolation of meteoric waters from the surface down into the cave, it may still provide a first-order indication of the variability in the hydrological cycle that controlled the overall 234 U budget available for weathering (26) . The data come from the middle to low latitudes ( fig. S5 ), and they do not exhibit any distinctive d 234 U shifts from 30 to 15 ka, suggesting that weathering variability in these areas was not large enough to account for the oceanic d 234 U observations.
Instead, high-latitude processes could have played a key role in driving the increase in global seawater d 234 U from the last glacial period to 15 ka. In the early part of the last deglaciation, the bases of North American ice sheets are thought to have become increasingly wet (10) . We hypothesize that 234 U-enriched water was released from subglacial melt reservoirs with a prolonged residence time and from leaching of the previously frozen subglacial sediments by basal meltwater over this period. In both cases, subglacial meltwaters are likely to be enriched in recoiled 234 U (7, 11) . In addition, sediments (and their former porewaters) frozen within the bases of icebergs might also have contributed to releasing U and nutrients to the ocean (27) during this period. The reconstructed number of ice streams based on field evidence (8) and the modeled subglacial melt rate (10, 28) (Fig. 2B ) of the North American ice sheets were much higher during the early deglaciation (before 15 ka) than later. It is notable that the modeled ice discharge (29) of the Laurentide Ice Sheet was also high during the early deglaciation, reaching a peak at late HS1 (Fig. 2) . This timing is consistent with the enhanced release and transport of excess 234 U to the ocean during the early deglaciation. In this case, the peak oceanic d U from the last glacial period to 15 ka (Fig.  3B) . A more realistic case might be an increase in both the U flux and the d 234 U of the highlatitude continental inputs, but deconvolving these two factors is difficult. There is a hint from the compiled data that the surface ocean had lower d 234 U than the intermediate-depth ocean ( fig. S3 ). Our extended modeling experiments (table S2) are unable to replicate this feature, even with all high-latitude excess 234 U routed to the intermediate ocean via the polar surface Atlantic and no deep-ocean overturning and mixing (19) . This indicates that other mechanisms, such as local influences or diagenetic processes, are responsible for those differences. U during the mid-B-A. We suggest that this convergence is due to the abrupt increase in overturning of the Atlantic at the end of HS1 (21, 23) (Figs. 2C and 3A) , although the depletion of the subglacial excess 234 U pool might also have played a role (19) . Stabilized Holocene seawater d 234 U afterward implies that the U cycle in the modern ocean is likely close to a steady state (30) . Nevertheless, perturbation of oceanic U isotopes by polar processes might have continued to occur even during the climatically and oceanographically more stable late Holocene. For example, widespread collapse of the Ross Ice Shelf and the export of old materials from inland Antarctica is inferred to have occurred at~5 to 1.5 ka in response to regional warming (31) . These processes may have been accompanied by a 234 U is thought to be higher during past interglacial periods and lower during glacial periods [e.g., (3, 16, 17) ], with the decreases potentially associated with low sea level (16) . By comparison with the deglacial mechanism, our study implies that progressive NH glaciation could have reduced the weathering input from high-latitude continental areas, leading to lower glacial oceanic d 234 U. The retreat of the NH ice sheets started about 20 ka and continued through HS1 ( Fig. 2A) (1) , considerably earlier than the enhanced surface melting that dominated ice-sheet mass loss and sea-level rise in the late deglaciation and early Holocene (29) . Our data provide evidence for enhanced subglacial melting of the NH ice-sheet interior during the early deglaciation, supporting the notion that basal melting and sliding represents one of the feedbacks involved in enhancing early deglaciation as a result of the buildup of very large NH ice sheets (10) . An interesting consequence of the basal melt inputs may be the associated release of nutrients to the ocean. Recent work from the Greenland Ice Sheet indicates that dissolved phosphorus yields are at least equal to those from the Mississippi or Amazon rivers (32) . In this regard, nutrients from direct subglacial weathering should be considered in future research as a potential source fueling productivity in the North Atlantic during HS1.
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